Parental control of primary sex ratio has been reported in a mammal (red deer), some birds, and a snake. However, it remains uncertain whether other vertebrates including Amphibia can control sex ratio. In this paper, we examined the possibility in a wild population of the Japanese frog Rana rugosa which has female heterogamety. Sex ratios of their eggs were determined using DNA markers. The eggs were sampled in the field from May to August in 1998. Each egg was then sexed by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) using a sex-specific DNA marker. The result showed a male bias early in the season which changed to a female bias later, suggesting that females of R. rugosa can control the primary sex ratio.
Introduction
Although Williams (1979) claimed that there was little or no scope for adaptive parental manipulation of sex ratio at birth due to genetic constraints of mendelian segregation of sex chromosomes, it has been shown that sex ratios of red deer (Clutton-Brock et al . 1984) , birds (Bortolotti 1986; Dijkstra et al . 1990 ; and others; see Sheldon 1998 for review) and a snake (Madsen & Shine 1992) are adjusted in an adaptive way. However, there is no previous study on primary sex ratio of Amphibia with the exception of Rana esculenta , where the sex ratio resulting from late fertilized eggs gave a greater proportion of males (Hertwig 1912; cited from Charnov 1982) . This result suggests that parents of R. esculenta could control sex ratio at birth. Trivers & Willard (1973) were the first to argue that individual parents might adaptively manipulate their offspring sex ratio in response to environmental circumstances which affect the gain curve for those offspring. Since this pioneering work, parental control of primary sex ratio has been known to be selected under various conditions (see Charnov 1982; Clutton-Brock & Iason 1986; Daan et al . 1996; Ellegren & Sheldon 1997; Sheldon 1998; and Hewison & Gaillard 1999) . Among them, sex-specific difference in maturation time is a prevailing condition in Amphibia (Duellman & Trueb 1986) , suggesting that parental control of primary sex ratio might be a general phenomenon in Amphibia. Several recent studies on birds seem to be particularly relevant to this idea.
In a series of studies on broods of the European kestrel Falco tinnunculus , where hatchlings can be sexed morphologically, Dijkstra et al . (1990) showed that the sex ratio (% male) declined with progressive date of birth. Similar observations have been made in Harris's hawk Parabuteo unicinctus (Bednarz & Hayden 1991) , peregrine falcon Falco peregrinus (Olsen & Cockburn 1991) , and some other birds (see Daan et al . 1996 for review). On the other hand, Zijlstra et al . (1992) found a reverse seasonal trend in the marsh harrier Circus aeruginosus . Based on these observations, Daan et al . (1996) developed a simulation model predicting that the gender should be produced first in the season whose age of first breeding is more strongly accelerated by an early birth date. Similar seasonal control of sex ratio would also be expected in Amphibia, particularly in frogs, in which size-and sex-specific differences in maturation time are common.
Primary sex ratio has been difficult to estimate in Amphibia because there is no sexual difference in morphology of embryos or tadpoles. This was also the case in many birds who are monomorphic at hatching. However, this obstacle has been overcome in such birds by the recent development of molecular sexing techniques. Griffiths & Tiwari (1993) were the first to describe the isolation of Correspondence: Y. Sakisaka. Fax: +81 92 642 2645; E-mail: ysakiscb@mbox.nc.kyushu-u.ac.jp sex-specific DNA markers using low-stringency polymerase chain reaction (PCR) with randomly selected primers (randomly amplified polymorphic DNA; RAPD). Since then, deviations of sex ratio from parity have been documented in many birds using RAPD markers or those derived from the CHD/W gene which are sex chromosomelinked (Griffiths & Tiwari 1995; Ellegren et al . 1996; Griffiths et al . 1996; Lessells et al . 1996; Nishiumi et al . 1996; Komdeur et al . 1997; Westerdahl et al . 1997; Nishiumi 1998; see Ellegren & Sheldon 1997 for reviews of sexing techniques).
This paper reports the first evidence of seasonal sex ratio variation in Amphibia using a sex-specific molecular marker. Miura et al . (1998) reported sequences of a sexlinked gene, ADP/ATP translocase in R. rugosa , which provided useful information to design primers for molecular sexing. Sex chromosomes of R. rugosa are heteromorphic either in the male (XX/XY) or in the female (ZZ/ZW) and this divides the species into two geographical forms (Miura et al . 1998) . In this study, we estimated sex ratios of the latter form, where the female could control primary sex ratio by adjusting the proportion of Z and W eggs. In contrast to birds which lay only a few eggs in a clutch, most frogs lay tens or hundreds of eggs at once. As a consequence, it is easier to study the offspring sex ratio in frogs rather than birds due to the much larger data set. The data we present in this paper support parental control of sex ratio in R. rugosa .
Materials and methods

Life history
Rana rugosa is a common ranid occurring in East Asia. In Japan, it is widely distributed in plains and low mountains of Honshu, Shikoku, Hokkaido and Kyushu. It breeds from May to September in still waters such as rice fields, ponds, ditches, and sometimes in pools of dry riverbeds (Maeda & Matsui 1989) . A female spawns more than once in a breeding season (Chang 1994) . Tadpoles usually overwinter and metamorphose from May to August of the following year (Okada 1966 cited from Duellman & Trueb 1986; Maeda & Matsui 1989) . In the study population, however, we observed some tadpoles metamorphosing to tailless form by autumn. Kosuge (1977) also observed that some tadpoles metamorphosed by autumn while others hibernated.
Egg sampling
The first author sampled eggs in two small ponds located about 25 km south of Nagaoka city, Niigata Prefecture (37 ° 14 ′ N 138 ° 51 ′ E), where the geographical form of R. rugosa having ZZ/ZW sex chromosome is known to occur (Nishioka et al . 1994) . The size of both ponds were about 10 m × 20 m with a depth of about 50 cm. Sampling started on 25 May when the breeding had just begun. Both ponds were visited almost everyday and eggs collected after identifying each individual clutch. All clutches having 30 eggs or more were collected. Clutch sizes ranged from 30 to 78, and in some clutches, a few eggs were dead before sampling; average proportion of dead eggs was 5.40% (SE = ± 1.96%). The sampling continued until 12 August (except for an interval between 13 June and 1 August). The eggs were kept alive in plastic cups for a few days at room temperature. After allowing initial development, embryos were removed from the gel and fixed and preserved in 100% acetone.
DNA extraction
We used simplified DNA extraction protocol without alcohol precipitation (van Kan et al . 1997) . Each embryo was crushed separately in 100 µ L Chelex (5%) (Bio-rad Corp.), 4 µ L proteinase K (20 mg/mL) was added and then incubated for at least 6 h at 56 ° C. The sample was then heated to 95 ° C for 10 min and centrifuged in 12 000 g for 5 min. Supernatant obtained was directly subjected to PCR as template DNA. Miura et al . (1998) isolated a sex-linked gene, ADP/ATP translocase (AAT) from R. rugosa and determined its sequence on the X, Y, Z, and W chromosomes. A phylogenetic comparison of these sequences revealed that the Y and Z genes, and the X and W genes clustered together, respectively. Among the differences of the Z and W sequences, the 543rd nucleotide of the W gene (Guanine) corresponding to the 550th nucleotide of the Z gene (Adenine) is useful to distinguish the Z from the W gene by PCR-RFLP. This is because this difference provides an Mbo I restriction site, GATC, on the W gene which is missing (AATC) from the corresponding position on the Z gene (Fig. 1) . We first tried to amplify DNA fragments of AAT-Z and AAT-W using a set of primers, F6 and R6 (Fig. 1 ). These were designed to anneal to exon 2 and exon 3, respectively. However, the PCR products gave multiple bands on an agarose gel, suggesting amplification from paralogous autosomal genes or pseudogenes of ADP/ATP translocase. As a result, we designed a primer R7 whose 3 ′ end included the last nine nucleotides at the 3 ′ end of exon 2 whilst its remaining 11 nucleotides fell within intron 2. Even so, the combination of F6 and R7 still did not enable us to specifically amplify the target sequence. However, a nested PCR that uses F4 and R6 for the primary PCR and F6 and R7 for the secondary PCR gives a specific amplification of the AAT-Z and AAT-W target sequence. Secondary PCR products were digested by restriction enzyme Mbo I in a volume of 20 µ L. This contained 10 µ L of PCR product, 10 units of restriction enzyme Mbo I (TAKARA), 2 µ L of 10 × K buffer. The digestion was incubated at > 6 h at 37 ° C. The digestion was electrophoresed in NusiveGTG: SeaKemGTG = 3 : 1/ TAE 4% gels, detected by ethidium bromide stain, photographed, and examined. It was expected that the female samples would give three bands: one Z band of 230 bp and two W bands of 113 and 117 bp, while the male samples would give a single Z band of 230 bp (Fig. 2) . We confirmed this expectation for 20 male and 20 female adults.
Sexing by PCR-RFLP
Results
In Fig. 3 , variation in the number of females among 30 eggs in each clutch is shown as a function of the date of spawning. Fifteen clutches were collected in the early breeding season (25 May-12 June) and the remaining 15 clutches in the late breeding season (2 August-12 August). While the number of females among 30 eggs varied from 8-16 in the early season, it increased to 12 -23 later in the breeding season. This increase in the proportion of females among 30 eggs ( r ) with the date of spawning ( x ) was significant (logistic regression: logit ( r ) = 0.0052 x -0.5412; likelihood ratio statistic = 7.3114, d.f. = 1; P < 0.01).
Discussion
This is the first documentation of amphibian primary sex ratio using a DNA marker. The samples collected in the earlier part of the breeding season consisted mostly of Fig. 1 A scheme showing DNA fragments amplified by nested PCR and digested by restriction enzyme MboI. F4 and R6 are primers for primary PCR and F6 and R7 are primers for secondary PCR. Amplified fragments from the W gene have a MboI restriction site, GATC, which is replaced by AATC in the Z gene. male biased clutches, however, the bias was reversed in the later part of breeding season. This suggests that mothers of Rana rugosa have controlled their offspring sex ratio. Two relevant hypotheses have been developed to explain why such maternal control may have developed. The first is the maternal condition hypothesis where mothers in good condition should produce an excess of sons if such adult condition profit male reproductive success more strongly than it does females (Trivers & Willard 1973) . Clutton-Brock et al . (1984) were the first to supply convincing evidence to support this hypothesis. They showed that in red deers mothers of a higher social rank produced an excess of sons, whilst those of a lower rank produced mostly females. Recently, Ellegren et al . (1996) suggested that female collared flycatchers are able to adjust the sex ratio of eggs ovulated in response to the phenotype of their mate. Since then, an increasing amount of evidence has suggested that birds are capable of adjusting their progeny sex ratio in relation to their own circumstances, such as attractiveness or territory quality (Komdeur et al . 1997; Bradbury & Blakey 1998; see Sheldon 1998 for review) . By contrast, R. rugosa shows no evidence suggesting that the conditions required for the hypothesis of Trivers & Willard (1973) to operate are satisfied.
The other hypothesis is based not on parental conditions, but on size-and sex-specific differences in maturation time. This idea is developed in the light of an extensive data set obtained from raptorial birds (Dijkstra et al . 1990; Bednarz & Hayden 1991; Olsen & Cockburn 1991; Zijlstra et al . 1992; Daan et al . 1996 ; for review). In these studies, the sex ratio of hatchling changed gradually through the season. Whether more males or more females were produced differed by species.
The reason for the variation in the sex ratio bias was proposed by Daan et al . (1996) and it concerned the speed of maturation of the raptors. In the kestrels, males that are produced early in the year can reach maturity in the following year but those produced late cannot. In contrast, females always take two years to mature. Consequently, the bias towards males early in the season and females late increases the productivity of the parents. In the marsh harrier where the bias is reversed, the driving force is the speed of maturation of the female. If females are produced early in the season they can then start breeding earlier than those produced late on. Seasonal changes have little effect on the male. Again speed of reproductive maturation plays a leading role.
We suggest that our observations on R. rugosa can be explained well by the hypothesis of Daan et al . (1996) . In the study population of R. rugosa , some tadpoles metamorphose by autumn whilst others hibernate. Then some of them, if their gender was male, would be able to mature in the following year as this sex is small and has to put less effort into the maturation of the gonads. Conversely, the female of R. rugosa is larger in size (Chang 1994 ) and expected to take longer to reach the maturation size and produce eggs. Under this condition, the model by Daan et al . (1996) predicts that parents should produce more sons earlier in the breeding season. In anurans, there are many species where males mature faster than females Fig. 3 Distribution of the number of females among 30 eggs in each clutch as a function of the date of spawning counted from May 20. Fifteen among 30 indicates 1:1 sex ratio. If the same sex ratio was observed in more than one clutch, the number of observation is shown beside the circle. (Duellman & Trueb 1986 ). This supports our prediction. Because less is known about the reproductive biology of R. rugosa (Chang 1994) , further study is needed in order to confirm the above prediction, and also to test alternative explanations derived from the maternal condition hypothesis. There are many anuran species called prolonged breeders (e.g. bullfrog; Howard 1978) which have a long breeding season in a year. These species may also regulate the sex ratio of their offspring.
